A significant feature of Enterobacter sakazakii is the ability to form biofilms enabling its persistence in manufacturing and neonatal environments, and implicating it as the primary cause of outbreaks of neonatal meningitis. Conventional methods of studying E. sakazakii are time consuming, inaccurate and damaging to cells, preventing further analysis. A novel method for detecting biofilm formation has been utilized that takes advantage of a dual lux/gfp reporter system cloned into cells for simultaneous quantification of bacterial metabolic activity and cell numbers respectively. To evaluate the effectiveness and accuracy of the novel method compared to the conventional method, strains of bacteria were allowed to form biofilms and were measured using both methods. Biofilm formation of E. sakazakii strains over 2 days was measured and peak formation and changes in biofilm development was determined for each strain. The lux reporter was utilized to determine metabolic activity of cells in the biofilm, correlating to biofilm formation, over 3 days. Biofilm formation of strains was measured using both methods and compared to detect trends. This study found that the novel method was effective at detecting changes in metabolic activity of cells in biofilm. Cell numbers were to be simultaneously detected via the gfp reporter but filters with correct detection wavelength were unavailable thus cell numbers were not obtained here. These observations determine that this dual reporter system is a promising tool for monitoring bacteria in situ and for further understanding of biofilm formation.
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nterobacter sakazakii is an opportunistic organism found in food processing environments associated with cases of necrotizing enterocolitis, bacteraemia and meningitis in infants. 3, 5, 7 E. sakazakii has been detected in various types of foods and although little is known about modes of transmission, dried-infant formula milk (IFM) is the only food that has been linked in incidents of transmitted disease causing neonatal meningitis. 5, 7, 9 Even with low reports of E. sakazakii in most countries due to lack of surveillance systems, between 1961 and 2003 there were 48 reported cases of this illness. With a low frequency of 1 per 100,000 infants contracting the disease, the results are still devastating with a reported mortality rate between 20 to >50%, 5, 9 with some as high as 80%. 8 Survivors suffer severe neurological sequelae such as hydrocephalus, quadriplegia and retarded neural development. 2, 5 Infants at high risk for contracting meningitis from E. sakazakii are usually less than one year old and are particularly susceptible during the first 28 days. Low birth weight, premature and immunocompromised infants as well as infants with HIV-positive mothers are at the highest risk. 9 A study in 120 samples of infant formula in Canada found 6.7% to be positive with E. sakazakii. 7 Outbreaks of necrotizing enterocolitis and meningitis caused by E. sakazakii have also occurred in neonatal intensive care units due to the persistence and biofilm formation in IFM and feed preparation equipment such as brushes, blenders and spoons. 2 The effects of the disease and the persistence of the bacteria in both the manufacturing process and in medical facilities due to biofilm formation make it important to develop methods to study and understand biofilms.
Biofilms are a constant concern in food processing environments, acting as a possible source of contamination that may lead to food spoilage or the transmission of disease. 4 Biofilm formation on surfaces has been suggested as a survival strategy for several food associated organisms like Listeria monocytogenes and Escherichia coli. 1, 4, 5 Biofilms are formed after the attachment of bacteria to equipment and their survival is dependent on the interactions between the bacterial cell, the surface and the surrounding microenvironment.
3,4,6 E. sakazakii secretes a viscous, extrapolysaccharide, capsular material that enhances the attachment and adherence to surfaces, 2 and provides a physical barrier protecting cells from environmental stresses placed upon them in food processing environments like UV light, osmotic stress, heat, detergents and antibiotics. 3, 5, 6 Biofilms formed by E. sakazakii provide them with the ability to adapt to high osmotic potentials, dry conditions, air drying and other desiccation conditions compared with other members of Enterobaceriaceae. 3, 5, 9 E. sakazakii is also more thermotolerant than other Enterobacteriaceae attributed by its survival after heat treatments, and its lowest growth temperature at 5.5°C, increasing it potential to grow when refrigerated. 2 Biofilms protect E. sakazakii from manufacturing processes intended to kill them, and when rehydrated for consumption they retain pathogenicity and cause infection. When grown in IFM, E. sakazakii was found to adhere strongly to silicon, latex, polycarbonate and stainless steel, materials commonly used for infant feeding equipment and IFM preparation areas. 2, 9 The efficacies of sanitizers are also reduced by the presence of biofilms, making it difficult to eliminate bacterial contamination in food processing environments. 4 Conventional methods for detecting biofilm thus far involve growing the bacteria at different time intervals, multiple washing and drying stages, the addition of a dye like crystal violet solution, destaining and measuring optical density where absorbance values correlate to biofilm formation.
1,2 These processes are very time consuming, and the dyes used are very strong staining reagents that can give false positives or inaccurate results. Performing analyses at different time intervals is also difficult because once stained and measured, bacteria are no longer viable. Such obstacles make it challenging to study growth patterns and conditions that affect biofilm formation by E. sakazakii. The development of a novel, effective and rapid system to detect and study E. sakazakii biofilm formation is essential and crucial in containing their persistence and subsequently the spread of disease.
A novel method for monitoring the formation and growth limits of E. sakazakii has been proposed by using a dual fluorescent marker system as described by Unge et al. 10 This system marks cells with lux and gfp genes, encoding for bacterial luciferase and green fluorescent protein (GFP) respectively. 10 The advantages of this marking system are two-fold; the lux gene codes for bioluminescent bacterial luciferase which is dependent on cellular energy and proportional to biomass, thus the bioluminescence output can be directly correlated to the metabolic activity of the cells. 10 The gfp gene produces a fluorescent protein that does not require the addition of a substrate or cofactor in order to fluoresce and has no energy requirement, thus it will fluoresce under all conditions including the stationary phase or during starvation. 10 This new system takes advantage of the properties of the two markers and will simultaneously be able to measure metabolic activity and cell numbers to better understand biofilm formation, so that improved processes can be implemented to deter growth and prevent contamination.
It is important to understand the interactions between bacteria and surfaces and their impacts on the effectiveness on cleaning and sanitizing to provide more effective measures for biofilm prevention and removal. 4 Biofilm formation in food processing environments is of special importance because these biofilms can act as chronic sources of microbial contamination. In this study a total of 8 strains of wild type E. sakazakii were utilized and optimized using the old methods to be used as a comparison system to the proposed new system. The new system uses 4 strains of E. sakazakii cloned with the dual marker genes to determine its potential and effectiveness for rapidly detecting and studying E. sakazakii biofilm formation. This new method will be used to investigate the effects of pH, temperature, desiccation, osmotic pressure and nutrients on biofilm formation and can be utilized to develop new environments in the manufacturing process. 
MATERIALS AND METHODS

Statistical Analysis
The unpaired, one-sided t-test and Gaussian distribution normality tests was used in the Graph Pad Prism program (Graph Pad Software, San Diego) to obtain p-values for differences between means in assessing the significance of biofilm formation of each strain over a given time period. Pvalues ≤ 0.05 were designated to indicate a significant effect on biofilm formation, with values ≤ 0.01 being very significant and values ≤ 0.001 being extremely significant. Values ≥ 0.05 were designated insignificant. Comparisons were made between each E. sakazakii strain between 1 day and 2 day biofilm formation and between marked cells between 1, 2 and 3 days. Trends between the conventional and novel methods were compared to evaluate effectiveness of novel system in detecting biofilm formation. (Figure 1 ). There was a significant increase in biofilm formation in ES 2876 (p= 0.0204) and a very significant increase between day 1 and 2 in ES 2871 (0.0039) ( Figure  1) . There was an extremely significant increase in ES 3253 (p= 0.0007) (Figure 1) . ES 5199 (p= 0.0146) and ES 51329 (p= 0.0055) were the only strains that had statistically significant decreases in biofilm formation on the second day.
RESULTS
Optimizing crystal violet concentration
Biofilm formation of 4 strains with reporter system measuring luminescence
Cultures of E. sakazakii lux+gfp+ strains were measured for luminescence to determine change in biofilm formation over 1, 2 and 3 days by detecting cell metabolic activity. 2876-3 AO8-12 had a significant increase (p= 0.0029) in metabolic activity in the biofilm between days 1 and 2, and a significant decrease between days 2 and 3 ( Figure 2 ). 2876-3 AO6-21 had an extremely significant (p=0.0002) decrease in metabolic activity in the biofilm between days 1 and 2. No difference was noticed for day 3 (Figure 2) . 2870-1 NM-1 and 2870-1 NM-2 both showed no significant difference in metabolic activity between days 1, 2 and 3 (p= 0.0997 and p=0.0977 respectively) (Figure 2) .
Biofilm formation of 4 strains with reporter system measuring fluorescence
Cultures of E. sakazakii lux+gfp+ strains were measured for fluorescence to determine change in biofilm formation over 1, 2 and 3 days by detecting total cell biomass. No significant difference was noted in any of the strains over 1, 2 and 3 days.
Comparison of conventional and novel biofilm detection methods
Conventional methods were compared with novel methods to determine if the two methods showed similar trends in biofilm formation. ES 2876 was compared with 2876-3 AO8-12 and 2876-3 AO6-21, with ES 2876 showing a significant increase and 2876-3 AO8-12 showing a very significant increase in biofilm formation between days 1 and 2. 2876-3 AO6-21 showed a significant decrease in biofilm formation. ES 2870 was compared to 2870-1 NM-1 and 2870-1 NM-2 with all three showing no significant difference between day 1 and day 2 (Figure 3) .
DISCUSSION
The present experiments were undertaken to investigate the effectiveness of the novel dual marker system in detecting and studying biofilm formation when compared to conventional methods. Prior experiments found that E. sakazakii adheres strongly and forms a biofilm on latex and plastic 2,4 but more in-depth studies on the behaviors of biofilms and their growth limits were limited by conventional methods. Subsequent treatments to prevent or remove biofilms have failed due to the lack of understanding of E. sakazakii. To address this, a novel method for studying biofilm formation was studied here using a gene reporter system to measure biofilm formation. 10 The conventional method for studying biofilm formation was optimized and used to measure the amount of biofilm formed in 8 strains of E. sakazakii over two days (Figure 1) . This determined the extent of biofilm formed and the behavior of each strain independently at given time points. Each strain exhibits varying degrees of growth and biofilm formation and the peak points of development can be determined to be used as points where optimal studies can be performed for further understanding of biofilms. At these peak points, bacteria are at their most resistant and they are where varying conditions must be tested to develop new ways of penetrating and destabilizing the biofilms. Some strains showed a statistical significant increase in biofilm formation indicated that they attached to the surface and began forming a biofilm within the first two days (Figure 1) . Strains that showed no significant difference indicated that they look much longer to attach to the surface and they could be more easily removed within the first two days. Strains that showed a significant decrease in biofilm after the first day suggests that those strains adhere and form biofilm rapidly within the first day but decrease on the second day due to the lack of nutrients or space available (Figure 1) . For further understanding of each strain, strains would need to be studied for a longer period of time. Studying the bacteria using this method, especially over a time line is challenging because once bacteria are stained with toxic crystal violet they die and cannot be analyzed further at later times or in altered conditions. Accurate behavioral studies are not acquired if cells can not be measured and returned for further growth until next measurement. Crystal violet is also a very strong staining reagent that can produce false positives adding to the ineffectiveness of conventional methods. The differences in biofilm formation of each strain are also used in determining the effectiveness of the novel system by comparing growth trends between the two methods.
We tested our dual marker system with 4 strains of E. sakazakii to determine if it could be used for in situ monitoring of the biomass and metabolic activity of the cells in the biofilm. The lux gene was detected by luminescence which is proportional to metabolic activity of cells and correlated to biofilm formation. This novel system is advantageous because it does not require the use of crystal violet thus eliminating the use of toxic dyes and reduces inaccuracy of results. It is also undisruptive to cells in the biofilm which allows for monitoring at longer time intervals and under varying conditions. 2876-3 AO8-12 had a statistically significant increase in biofilm development between day 1 and 2, with a statistically significant decrease at day 3 suggesting that this strain reaches its peak formation at day 2 and then decreases at day 3 (Figure 2) . 2876-3 AO6-21 had its maximum biofilm formation at day 1, and then displayed a significant decrease in days 2 and 3 indicating that its attachment and growth rate is more rapid than the aforementioned strain (Figure 2) . The significant decreases in these two strains can be attributed to a decrease in biofilm formation, but because the lux gene only detects metabolic activity, the decrease can be correlated to the stationary phase that cells enter once at full growth. For further investigation, the second marker used, gfp, must be employed. 2870-1 NM-1 and 2870-1 NM-2 showed no statistical difference in activity over the 3 day period, indicating that they attach much slower to surfaces over the first 3 days and there is little or no biofilm formed. Further analysis over a longer period of time is necessary to determine when these cells adhere to surfaces and begin producing a biofilm. The highest and lowest metabolic activity, related to the cells peak growth phase and stationary phase respectively, can be determined and used to study the bacteria at different conditions to determine when they are more resistant; in their growth phase or once in stationary phase.
The second marker in this reporter system, the gfp reporter, is fluorescent and has no energy requirements, thus will fluoresce under all growth phases and will be proportional to cell biomass. Used in conjunction with the lux reported, the metabolic activity and the biomass of cells in the biofilm can be determined. This reporter is important because the lux reporter used alone can not accurately understand biofilm formation, measuring only metabolic activity and not actual biomass. The fluorescence of the protein encoded by the gfp gene, according to literature can be measured at an excitation range between 395 to 398nm and emission ranges between 475 to 478nm. Filters on the Victor 2 were not available at these wavelengths and thus the closest filters were chosen at excitation values of 355 nm and 485nm and emission values of 460nm and 535nm respectively. No significant difference was detected between any of the strains of E. sakazakii marked with the gfp reporter genes at either of these wavelengths. Biomass of cells in biofilm was not able to be To determine the effectiveness of the new reporter system, it must be compared to the conventional method and evaluated on whether the results on biofilm formation of each strain are similar. Trends between biofilms formation of each strain at a given time point must be similar to establish that the novel method is not only effective but also accurate. Figure 3 (i) compares wild type strain ES 2870 used in the conventional methods to 2870-1 NM-1 and 2870-1 NM-2 used in the novel methods. When compared, ES 2870 in the conventional method did not show a significant change in biofilm formation between days 1 and 2, and the same results were observed when measured using the reporter system. ES 2876 of the conventional method was compared next to its cloned strains used in the new methods, 2876-3 AO 8-12 and 2876-3 AO 6-21 (Figure 3 (ii) ). ES 2876 displayed a statistically significant increase in biofilm formation after 2 days and the same result was noted in 2876-3 AO 8-12. 2876-3 AO 6-21 showed a significant decrease in biofilm formation, and this could be attributed to this being its metabolic activity, where it has entered its stationary phase more rapidly that 2876-3 AO 8-12. Fluorescence data again is needed here to make further conclusions about the decrease in biofilm when compared to the other 2876 strains. The nutrients available, time needed for strains to attach, and change in behaviors due to insertion of genes must also be considered and studied.
Future research needed include acquiring filters that emit the correct wavelengths to detect the gfp reporter so that results on cell biomass in biofilms can be determined and correlated to the metabolic activity produced by the lux reporter. The strains can then be investigated on their ability to persist and survive under various environmental conditions including pH, temperature, osmotic pressure and desiccation.
The present results are preliminary but determine that the new methods introduced, luminescence and fluorescence reporter systems, are rapid, simple to use and effective for studying the behavior of E. sakazakii when forming biofilms. A visible trend is noticed between the two methods when comparing the two types of strains, and therefore it can be determined that the new method can be used for further analysis. Each E. sakazakii strain exhibits a different ability to form biofilms and results produced using the novel method are more accurate because the attached cells can be studied in situ non-destructively allowing for better analysis of biofilm. The novel method is faster to perform than conventional methods, does not use toxic staining and can be monitored at multiple time intervals for each strain. This method will allow researchers to rapidly screen for differences between strains and growth conditions to determine and implement improved processes in the infant milk formula manufacturing industry and neonatal care environments to inhibit attachment, deter biofilm formation and eliminate established biofilms.
